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Abstract Several studies have shown that the surroundings of the highest Andes mountains at
midlatitudes in the Southern Hemisphere exhibit gravity waves (GWs) generated by diverse sources which
may traverse the troposphere and then penetrate the upper layers if conditions are favorable. There is a
speciﬁc latitude band where that mountain range is nearly perfectly aligned with the north-south direction,
which favors the generation of wavefronts parallel to this orientation. This fact may allow an optimization
of procedures to identify topographic GW in some of the observations. We analyze data per season to
the east and west of these Andes latitudes to ﬁnd possible signiﬁcant diﬀerences in GW activity between
both sectors. GW eﬀects generated by topography and convection are expected essentially on the eastern
side. We use satellite data from two diﬀerent limb sounding methods: the Global Positioning System radio
occultation (RO) technique and the Sounding of the Atmosphere using Broadband Emission Radiometry
instrument, which are complementary with respect to the height intervals, in order to study the eﬀects
of GW from the stratosphere to the ionosphere. Activity becomes quantiﬁed by the GW average potential
energy in the stratosphere and mesosphere and by the electron density variance content in the ionosphere.
Consistent larger GW activity on the eastern sector is observed from the stratosphere to the ionosphere
(night values). However, this fact remains statistically signiﬁcant at the 90% signiﬁcance level only during
winter, when GWs generated by topography dominate the eastern sector. On the contrary, it is usually
assumed that orographic GWs have nearly zero horizontal phase speed and will therefore probably be
ﬁltered at some height in the neutral atmosphere. However, this scheme relies on the assumption that
the wind is uniform and constant. Our results also suggest that it is advisable to separate night and day
cases to study GWs in the ionosphere, as it is more diﬃcult to ﬁnd signiﬁcant statistical diﬀerences during
daytime. This may happen because perturbations induced by GWs during daytime are more likely to occur
in a disturbed environment that may hinder the identiﬁcation of the waves.
1. Introduction
The interpretation of ionospheric irregularities in terms of gravity waves (GWs) propagating from the lower
atmospherewas introducedbyHines [1960]. Thereafter, observations, theoretical studies, andmodels inferred
the conditions that allow the upward GW propagation and the generation of secondary GW due to nonlinear
interactions or wave dissipation [see, e.g., Vadas et al., 2003; Lund and Fritts, 2012; Vadas and Liu, 2013]. Some
observations have revealed that traveling ionospheric disturbancesmight beGWpropagationmanifestations
[see, e.g.,Hocke and Schlegel, 1996]. The presence of GWs or their eﬀects has been observed ormodeled up to
about 500 km altitude or even higher [see, e.g., Park et al., 2014; Vadas et al., 2014]. There is general agreement
that the primary GW sources are present in the lower neutral atmosphere. In relation to the eﬀects in the iono-
sphere, most attention has focused on GWs generated by deep convection [see, e.g., Hocke and Tsuda, 2001],
because it is able to yield large-scale GWs with signiﬁcant phase speeds, as the latter condition is suﬃcient
(although not necessary) to penetrate the lower ionosphere to avoid removal through critical level ﬁltering
and instability dynamics [see, e.g., Fritts and Lund, 2011; Lund and Fritts, 2012]. Other lower atmosphere GW
sources, such as orography and jet streamwinds and shears, apparently lead to phase speeds that would sig-
niﬁcantly reduce the probability of penetration into the ionosphere. However, wewould like to challenge this
assertion at least in reference to mountain waves, as there are two core assumptions [see, e.g., Baines, 1995]
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which are often overlooked: usually, the impingingwind is neither uniform nor constant. Any situation where
both characteristics break down should lead to nonstationary GWs as seen from the ground. This fact implies
that upward propagation of orographic GWs might in some cases avoid critical level ﬁltering and could thus
be detected in the ionosphere.
Some ground, balloon, airglow, satellite, and numerical modeling studies have shown that the surroundings
of the highest Andes mountains at midlatitudes in the Southern Hemisphere constitute a natural labora-
tory where GWs generated by topography around winter and by convection around summer, as well as by
geostrophic adjustment and instability, may traverse the troposphere and upper layers [de La Torre et al.,
1994; Reisin and Scheer, 2004; de la Torre and Alexander, 2005; Llamedo et al., 2009; Smith et al., 2009]. These
studiesmostly focused on speciﬁc height intervals, so a follow-up analysis on GWeﬀects across various atmo-
spheric layers in this region may provide a more comprehensive view on their possible upward penetration.
The stratospheric polar vortex is also a well-known GW source above Antarctica and the surrounding region,
whereby the activity peaks during the spring decay of the jet [see, e.g., Alexander et al., 2009; Moﬀat-Griﬃn
et al., 2013]. However, although these GWs tend to be signiﬁcant, they are not adequate for our study because
we cannot foresee such a simple identiﬁcation and localization. For example, the vortex exhibits latitudinal
excursions which may sometimes even reach the southernmost part of the continent and in addition it can
partially reﬂect upward propagating GWs from tropospheric sources [Sato et al., 2012].
In April 2006, the Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC)
launched six satellites to use the Global Positioning System (GPS) radio occultation (RO) technique to mea-
sure diﬀerent atmospheric properties in the troposphere, stratosphere, and ionosphere [e.g., Liou et al., 2007;
Anthes, 2011]. The aim of themission was to produce up to 2500 daily soundings with global distribution. It is
presently still obtaining vertical proﬁles of temperature, pressure, refractivity, and water vapor in the neutral
atmosphere and electron density in the ionosphere. The present study uses postprocessed data (product ver-
sion 2010.2640) from the COSMICmission provided by COSMIC Data Analysis and Archive Center. We use the
vertical proﬁles of temperature in the neutral atmosphere and electron density in the ionosphere to evaluate
GW activities to the east andwest of Andes atmidlatitudes in the Southern Hemisphere and ﬁnd out possible
diﬀerences between them. GWswhich producemore signiﬁcant eﬀects to the east of themountains could be
due to topography or convection, but as both sources typically operate during diﬀerent seasons, any activity
diﬀerences could be eventually ascribed to a given mechanism. There exist just a few studies that combine
GPS ROdata in the neutral atmosphere and ionosphere to study possible links betweenboth regions. Yueet al.
[2010] and Lin et al. [2012a, 2012b, 2013] studied the eﬀects of stratospheric sudden warming events in the
ionosphere by analyzing the corresponding response of diverse parameters of the electron density proﬁles
and the modiﬁcation of tidal signatures in that layer. On the other hand, Hocke and Tsuda [2001], Hocke et al.
[2002], Tsuda and Hocke [2004] looked for possible consequences of the propagation of stratospheric GWs
into the ionosphere and observed that those modes were highly correlated with sporadic layers and other
irregularities in the E region above the tropical convection zones and the Southern Andes.
To complete the data gap from the upper stratosphere to the mesosphere, we also use proﬁles from the
SABER (Sounding of the Atmosphere using Broadband Emission Radiometry) instrument [e.g., Mlynczak,
1997]. SABER is an infrared emission limb sounder covering theupper troposphere, stratosphere,mesosphere,
and lower thermosphere and is on board the Thermosphere Ionosphere Mesosphere Energetics and Dynam-
ics satellite. Here we use kinetic temperatures from version 2.0 retrievals. SABER and GPS RO possess a similar
observational ﬁlter in reference to the horizontal and vertical resolutions.
Section 2 describes the GPS RO and SABER data and their transformation into GW activity assessments in the
studied atmospheric layers. In section 3, we present the results. We intend to track GW signatures from the
stratosphere to the ionosphere, in order to determine if there is an observable diﬀerential activity above the
eastern side of the Andes Mountains around speciﬁc seasons. Conclusions are then presented in section 4.
2. Data and Analysis Method
We considered all COSMIC and SABER events within the zone limited by latitudes 29–36∘S and longitudes
65–75∘W. The time span used for GPS RO and SABER data was between 1 July 2006 and 31 December 2013.
There were 2937 GPS RO retrievals in the ionosphere and 5958 in the neutral atmosphere and 5295 SABER
proﬁles. The Andes mountains are nearly perfectly aligned with the meridian 70∘W in the geographic region
under analysis (see Figure 1). The zone was then divided in two sectors: to the east and to the west of that
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Figure 1. The two sectors under study and the
topography dividing them about 70∘W between
29∘S and 36∘S.
longitude. Results were separated in seasons of the South-
ern Hemisphere: summer (December-January-February),
autumn (March-April-May), winter (June-July-August), and
spring (September-October-November). For our calculations,
we used the GPS RO temperature and electron density pro-
ﬁles, respectively, in the lower stratosphere and ionosphere
and SABER temperature retrievals in the stratosphere and
mesosphere.
GPS RO can optimally detect inertio-GW, but it is possible
to improve the observation of mountain waves signatures
[Alexander et al., 2008]. The line of sight (LOS) of the retrievals
has a horizontal orientation at every tangent point. If the
LOS is nearly perpendicular to the horizontal projection of
any present wavefronts, then only a weak signature or none
will be detected, because the integrated measure along the
observational path will encompass successive positive and
negative contributions of the wave, which will nearly can-
cel out the ﬁnal outcome. On the other hand, if the LOS is
nearly parallel to thewavefronts, then the smearing along the
observational path is roughly performed on constant phase
surfaces and no cancelations will likely occur. This is an optimal situation for GW detection because ﬂuctua-
tions become preserved by the retrieval. GW fronts generated by topography will be preferentially aligned
with it [Baines, 1995]. In the geographical region that we study, this applies to the north-south direction [e.g.,
Llamedo et al., 2009], which will make GWs more suitable for detection by GPS RO if we discard the LOS in
the neutral atmosphere around the west-east orientation, because they would then be likely perpendicular
to the expected horizontal component of the wavefronts. Close to the region under study Alexander et al.
[2009] found that about 41% of COSMIC RO had a LOS within 30∘ of the north-south direction. This preferen-
tialmeridional alignment of the LOS is advantageous regarding the detection of GWsoriginatedby theAndes,
as corroborated by Baumgaertner and McDonald [2007] around the Antarctic Peninsula. LOS were restricted
in our study to± 60∘from the north-south direction. This limitation also included the ionospheric retrievals, in
order to avoid the inclusion of some soundingswheremeasurements along the LOSmight be simultaneously
sampling the east and west sectors.
We calculated the potential energy per unit mass Ep for each individual sounding in the neutral atmosphere
and then assessed GW activity per season, sector, and layer by the corresponding mean value. Ep was calcu-
lated through the average relative temperature T variance of each proﬁle between altitudes z1 and z2 [Wilson
et al., 1991]
Ep =
1
z2 − z1 ∫
z2
z1
1
2
( g
N
)2( T ′
Tb
)2
dz (1)
where g is the gravitational acceleration and N represents the Brunt-Väisälä frequency, whichmay be derived
from each temperature proﬁle. The ratio of perturbation and background temperatures T ′∕Tb was obtained
as follows in each case. For GPS RO retrievals, the T proﬁles were low-pass ﬁltered, with a wavelength cutoﬀ
at 12 km, obtaining Tb. The ﬁlter is nonrecursive, and a Kaiser window was used [e.g., Hamming, 1998]. It was
applied again to the diﬀerence T − Tb with a cutoﬀ at 3 km, as the GPS RO vertical resolution is about 1.4 km
in the stratosphere [Kursinski et al., 1997]. This procedure gives T ′ proﬁles which isolate wavelengths between
3 and 12 km. The z1 to z2 vertical column for the integral was 19 to 31 km (i.e., lower stratosphere in this
region). Higher altitudes from GPS RO data should not be used to infer GWs [Luna et al., 2013]. These authors
have shown that RO temperature proﬁles are less reliable for GW Ep calculations above about 30 km. The pos-
sible origin of this artifact is that spurious oscillations introduced by the initialization procedure of GPS RO
atmospheric retrievals have a signiﬁcant presence up to approximately 30 km. This may inject artiﬁcial addi-
tional Ep to the proﬁles above that height. Although tropospheric data are available, it is standard use to study
only the stratosphere because a problem arises around the tropopause, as the sharp change in temperature
gradient sign leads to an artiﬁcial enhancement inwave activitywhen using digital ﬁlters to isolatewave com-
ponents [e.g., Schmidt et al., 2008; de la Torre et al., 2010]. SABER can detect vertical wavelengths above 5 km
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Figure 2. A GPS RO electron density proﬁle chosen among the
analyzed retrievals and the corresponding background ﬁtted by a
double Chapman layer.
[John and Kumar, 2012], so we isolated in
these proﬁles the modes between 5 and
20 km with the same ﬁlter. The vertical
columns in the stratosphere and meso-
sphere were, respectively, taken from 20
to 40 km and from 55 to 75 km to
avoid the same digital ﬁlter problem in
the stratopause and mesopause as in
the tropopause. The described procedure
does not speciﬁcally remove planetary
waves, but McDonald et al. [2010] and
Alexander et al. [2011] have shown that
the eﬀects due toGWsare generallymuch
larger than those due to planetary waves.
It will be shown below that it is highly
convenient to separate day and night
cases for ionospheric activity calculations,
as the conditions and perturbation state
may be quite diﬀerent for both time inter-
vals. If this classiﬁcation is not made, one
might mix diﬀerent categories. We discarded cases with unphysical negative electron density Ne [e.g., Høeg
et al., 1998] and also cases with sporadic E layers, as they could strongly aﬀect activity estimations. GPS RO
electron density proﬁles have a vertical resolution about 1.5 km [Schreiner et al., 1999]. To separate the back-
ground and perturbation components in each proﬁle, we used a double Chapman layer to model the E and
F regions [e.g., Bilitza, 2002]. Background ﬁts that did not match the similarity criterium with the original
proﬁle through the coeﬃcient of determination R2 > 0.8 were discarded. It is implicitly assumed that pertur-
bations induced by the GWs are moderate or small and that R2 will then measure the quality of the ﬁt to the
large-scale behavior, rather than to the small-scale activity features. As a typical example of the separation
procedure of background and ﬂuctuations, in Figure 2 we show one of the Ne proﬁles used for our study and
the background ﬁtted according to the double Chapman layer equation. Using the same ﬁltering procedure
as described above, we obtained the electron density perturbation 𝛿Ne by keeping only wavelengths in the
range between 3 and 20 km (to retain only the ﬂuctuations likely induced by GWs). In order to quantify iono-
spheric GW activity, we considered two possible proxies [de la Torre et al., 2014]: the mean relative variance
content from a total ofM electron density proﬁles
MRVC = 1
M(z2 − z1)
M∑
k=1
∫
z2
z1
(
𝛿Nek
Nebk
)2
dz (2)
and the mean absolute variance content
MAVC = 1
M(z2 − z1)
M∑
k=1
∫
z2
z1
(𝛿Nek )
2dz (3)
where z1 and z2 in this case are 110 and 200 km and Nebk refers to the background electron density. MRVC
may seem a priori, a more appropriate measure, as it takes into account the tendency of Ne to increase with
altitude, weighting the relative importance of the perturbation component with respect to the background
proﬁle. However, some retrieved RONe proﬁlesmay display negative biases. This error may lead to division by
close to null values, resulting in unrealistic estimations in MRVC. We chose our lower level at 110 km to avoid
most sporadic E layers. Although GWs or their eﬀects have been observed as high as about 500 km as recalled
above, our upper level was chosen at 200 km. Higher altitudes could lead in general to wrong results, after a
declining importance of the upward propagating GWs and their eﬀects in favor of other important phenom-
ena causing perturbations. Another aspect which should be considered is the fact that vertical wavelengths
tend to become larger with increasing altitude in the lower thermosphere because of the eﬀects of kinematic
viscosity and thermal diﬀusivity [Vadas, 2007]. If the corresponding horizontal wavelengths typically become
larger in a lower proportion, stay the same or if they decrease, then the observation of GWs by GPS ROwould
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Table 1. Mean GW Activity to the West/East of the Andes Mountains Per Season and the Number Ns of Soundings Used
in the Calculationsa
Season Ns Activity (J/kg)
Lower Stratosphere (GPS ROData)
Summer 585/559 0.994c/1.01c
Autumn 585/489 0.879/1.17c,b
Winter 497/476 0.901/1.36c,b
Spring 578/581 0.867c/0.957b
Stratosphere (SABER Data)
Summer 667/632 5.45/5.73b
Autumn 590/594 5.54c/5.81c,b
Winter 619/673 8.85c/9.90c,b
Spring 784/736 6.41c/6.73c,b
Mesosphere (SABER Data)
Summer 667/632 14.5c/14.8c
Autumn 590/594 13.4c/13.7c
Winter 619/673 19.0c/19.9c,b
Spring 784/736 13.8c/14.1c
Ionosphere (GPS ROData)
Absolute Activity (cm−6) Relative Activity
Day
Summer 102/104 6.59e+07c/4.58e+07c 0.0042c/0.0034c
Autumn 140/71 2.48e+08c/1.75e+08 0.0064/0.0059
Winter 122/91 1.51e+08c/1.93e+08c,b 0.0062c/0.0053c
Spring 143/107 7.84e+07c/7.91e+07c 0.0039/0.0037
Night
Summer 21/19 6.06e+06/6.81e+06 0.0032c/0.0039
Autumn 73/62 7.00e+06/4.33e+06c 0.0079/0.0031c
Winter 56/56 5.23e+06/1.22e+07b 0.0084c/0.0120c,b
Spring 29/20 4.87e+06/8.05e+06b 0.0023/0.0043b
aAbsolute and relative mean GW activities are considered in the ionosphere, whereby day and night events are
processed separately.
bThe east value is signiﬁcantly larger than the west value at the 90% level of conﬁdence.
cThe value is signiﬁcantly diﬀerent from the value of the following season at the 90% level of conﬁdence.
worsen with growing height, as the optimal situation for detection is a low vertical to horizontal wavelength
ratio [Alexander et al., 2008]. For example, notice that in Figure 2 the ﬂuctuations tend to disappear above
about 190 km. Nevertheless, if this eventual problem exists, it should cause in each one of our average sea-
sonal and geographical activity calculations in the ionosphere a similar collateral alteration. Speciﬁcally, it is
expected that the ﬁnal statistical eﬀect would be the attainment of lowermean values, as GWswould be seen
less clearly or not detected at all in an upper portion of the 110 to 200 km height range used here for all the
proﬁles analyzed. However, this could not produce artiﬁcial higher average values. Then geographical or sea-
sonal activity jumps could become masked but it is rather unlikely that spurious diﬀerences would emerge
from the calculations.
To contrast neutral atmosphere and ionosphere activities, we chose to perform a climatological study as com-
pared to the possible use of each GPS RO retrieval in the stratosphere and ionosphere for a correlation-type
study between proﬁles of both height intervals. The reason is that due to the horizontal displacement of the
GPS RO measurement points in each retrieval (typically a few 100 km), the observations in the ionosphere
occur in a zone with diﬀerent coordinates than in the lower stratosphere. Then in the analysis of every single
GPS RO we might be observing the activity induced by some GWs in the lower atmosphere, but in the iono-
sphere we might not detect their eﬀects, or vice versa. Also, due to technical issues, about one of every two
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Figure 3. (bottom to top) Seasonal GW activity in the lower stratosphere, stratosphere, mesosphere, and ionosphere
(nighttime absolute GW activity) calculated from GPS RO or SABER data. The black bars indicate that the eastern activity
is signiﬁcantly larger than the western one at the 90% conﬁdence level. Dashed lines point out that the activities from
adjacent seasons are signiﬁcantly diﬀerent at the 90% conﬁdence level.
stratospheric retrievals becomes accompanied by a successful outcome in the ionosphere (see, for example,
in the ﬁrst paragraph of this section the amount of proﬁles in each of both layers in our study). Finally, GPS RO
data miss the upper stratosphere and mesosphere regions.
3. Results
In the upper part of Table 1, we present the results for the mean GW activity per season in the lower strato-
sphere for the east and west sectors as obtained from GPS RO soundings. We evaluate if variations according
to season or sector are signiﬁcant. We assessed whether the diﬀerences between means were signiﬁcant at
the 90% level. In every case, we performed a t test. When testing diﬀerences between seasons, we performed
a two-tailed test on the null hypothesis that bothmeans are equal.When comparing the twoneighboring sec-
tors, we checked the null hypothesis that the activity in the east is lower than in thewest. If the null hypothesis
in the ﬁrst case was rejected, we could state at the 90% statistical signiﬁcance level that the means of suc-
cessive seasons were diﬀerent, and in the second case that the mean on the east side was larger than on the
west side. Otherwise, we failed to reject both types of null hypotheses. Further down in Table 1, we repeated
the procedure for the stratosphere and mesosphere from SABER retrievals. In the lowest part of Table 1, we
present the calculations for the ionosphere from GPS RO data. We had to separate daytime and nighttime
cases because the levels of activity change signiﬁcantly in both situations. In Figure 3, we present a graphical
scheme for the visualization and comparison of the GW activity results.
In the lower stratosphere, seasonal activity is signiﬁcantly larger on the eastern side, with the only excep-
tion of summer. Then most of the observed GW activity in this sector and height interval is probably due to
topography. GWs due to convection could be absent ormay not be optimally visible to the observational win-
dow of GPS RO. In the whole stratosphere, diﬀerences between both sectors are signiﬁcant for all seasons. In
the mesosphere, all seasonal variations are signiﬁcant, but diﬀerences between west and east are statistically
remarkable only for winter. Seasonal behavior of mesospheric GW activity was obtained at altitudes 87 and
95 km from airglowmeasurements at El Leoncito (31.8∘S, 69.2∘W) during years 1998–2002 [Reisin and Scheer
2004]. It exhibited a main maximum in winter and a weaker maximum in summer. With our SABER data,
we also see the summerminormaximum in themesosphere. However, wemust keep inmind that everymea-
surement technique has its own ﬁltering window, as it can only see a limited range of the full spectrum of
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GWs. Therefore, a direct comparison of Ep values from GPS RO and SABER is not possible. In addition, John
and Kumar [2012] and Luna et al. [2013] have shown that diﬀerent processing of the same data or the use of
observations from diﬀerent satellites in the same region and time can lead to signiﬁcant diﬀerences in the
calculation of Ep. Statistically signiﬁcant larger values of the ionospheric absolute and relative activity on the
eastern side are observed during the night in winter and spring. We consider that GW eﬀects are more clearly
observed during the night, as the ionosphere may be in a more quiet state than during the day.
4. Conclusions
The main conclusion is that consistent diﬀerences regarding GW activity between the west and east sectors
are observed from the stratosphere to the ionosphere (night values), but they all remain statistically signiﬁ-
cant at the 90% signiﬁcance level only during winter. Spring and autumn tests fail in themesosphere, and the
latter season results also in the ionosphere. Winter is high season. We recall that signiﬁcant GWs are mainly
generated on the eastern side of the highest Andes Mountains due to ﬂow over topography during winter.
These GWs may reach considerable altitudes before breaking or ﬁnding critical levels or dissipating. It is usu-
ally assumed that topographic GWs have nearly zero horizontal phase speed and will therefore probably be
ﬁltered at someheight in the neutral atmosphere. However, this notion relies on the assumption that thewind
is uniform and constant. This situation may not be the typical one in the region under study. In our analysis,
the observed ionospheric activity could bedue toprimarywaves or to radiation of secondarywaves. However,
regarding the possible penetration of tropospheric waves into the ionosphere, larger amplitude oscillations
belowdonot imply larger eﬀects above. Fromnumerical simulations, less intenseGWs couldmore likely reach
saturation and breaking levels at higher altitudes [e.g., Fritts and Lund, 2011].
de la Torre et al. [2014] did not include in the same studied region an evaluation of ionospheric activity in
terms of seasons or its intensity in the lower layers. Both aspects are important because they can provide
clues regarding the possible sources of the GWs aﬀecting the ionosphere and the propagation, dissipation, or
absorption processes that occur in the lower layers. In addition, although those authors already found higher
activity on the east as compared to the west ionospheric sector without any discrimination between daytime
and nighttime GPS RO data, our results suggest that it is advisable to separate both groups. There is clearly
more diﬃculty in ﬁnding signiﬁcant statistical diﬀerences during daytime than during nighttime, as in the
former caseperturbations inducedbyGWsmaymore likely occur in adisturbedenvironment that signiﬁcantly
deviates from a quiet background state, which may hinder the identiﬁcation of the searched modes.
Data sets from diﬀerent satellite instruments and/or heights may provide complementary statistical views
on the generation and evolution of some portions of the whole spectrum of GWs. The possible detection of
signatures depends in each case on the instrumental sensitivities to given parts of the wavelengths space.
Diﬀerent sources produce GWs that belong to diverse parts of the spectrum, but in addition, background
winds may refract them into or out of the visibility range of given satellite sensors. Then, the statistical recon-
struction with these tools may lead to a better understanding of GW generation and propagation during
diﬀerent seasons across diﬀerent geographical regions, but for the moment the subject remains like a puzzle
withmissingpieces. In order tobetter investigatediﬀerent parts of thewholeGWspectrum, both satellite limb
and nadir-observing techniques are needed in futurework. These are respectively sensitive to small and large
vertical to horizontal GW scale ratios, i.e., to low and high intrinsic frequencies as deduced from the dispersion
relations for GWs [e.g., Hines, 1960]. Numerical simulations may also provide some of the missing pieces of
the puzzle.
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